Identification and characterization of a triacylglycerol lipase in Arabidopsis homologous to mammalian acid lipases  by El-Kouhen, Karim et al.
FEBS 30061 FEBS Letters 579 (2005) 6067–6073Identiﬁcation and characterization of a triacylglycerol lipase
in Arabidopsis homologous to mammalian acid lipases
El-Kouhen Karim, Blangy Ste´phanie, Ortiz Emilia, Gardies Anne-Marie,
Ferte´ Natalie, Arondel Vincent *
Laboratoire d’Enzymologie Interfaciale et de Physiologie de la Lipolyse (EIPL), CNRS UPR 9025, Universite´ de la Me´diterrane´e Aix-Marseille II,
Inst. Biologie Struct. and Micro., 31 Chemin Joseph Aiguier, 13402 Marseille Cedex 20, France
Received 23 July 2005; revised 19 September 2005; accepted 19 September 2005
Available online 6 October 2005
Edited by Ulf-Ingo Flu¨ggeAbstract Triacylglycerol (TAG) lipases have been thoroughly
characterized in mammals and microorganisms. By contrast,
very little is known on plant TAG lipases. An Arabidopsis cDNA
called AtLip1 (At2g15230), which exhibits strong homology to
lysosomal acid lipase, was found to drive the synthesis of an ac-
tive TAG lipase when expressed in the baculovirus system. The
lipase had a maximal activity at pH 6 and the speciﬁc activity
was estimated to be about 45 lmol min1 mg1 protein using tri-
olein as a substrate. Knock-out mutant analysis showed no phe-
notype during germination indicating that this enzyme is fully
dispensable for TAG storage breakdown during germination.
Northern blot analyses indicated that the transcript is present
in all tissues tested.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Arabidopsis thaliana1. Introduction
Triacylglycerols (TAGs) are an important reserve of carbon
and energy in Eukaryotes. In higher plants, they represent at
most a few percent of total lipids in leaf tissue but can make
up to 60% of the dry weight of oil-seeds. Fatty acids can be
cleaved oﬀ by a lipase [1,2] and further metabolized in peroxi-
somes through b-oxidation [3] to yield acetylCoA. In germinat-
ing oil-seeds, these carbon units will eventually serve to
synthesize sugars through gluconeogenesis. If b-oxidation in
plants is now well-documented [3], very little is known on plant
TAG lipases. Several groups have reported the puriﬁcation of
TAG lipases from various seedling sources such as maize [4],
castor bean [5], Vernonia galamensis [6], rapeseed [7,8] or from
Euphorbia latex [9]. However, no cDNA had been reported
until very recently for the lipid body-associated acid lipase of
castor bean [10]. This enzyme resemble fungal lipases; it isAbbreviations: BSA, bovine serum albumin; FID, ﬂame ionization
detector; I.U., international unit; MOI, multiplicity of infection;
NaTDC, sodium taurodeoxycholate; PCR, polymerase chain reaction;
SDS, sodium dodecyl sulfate; TAG, triacylglycerol; TLC, thin-layer
chromatography
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doi:10.1016/j.febslet.2005.09.072probably bound to oil bodies through a long hydrophobic pro-
tein stretch situated in the N-terminal part of the enzyme.
Whether this enzyme participates to lipid breakdown in vivo
is unclear since its levels decrease before the peak of TAG
hydrolysis. A phospholipase A1 (DAD1) of Arabidopsis [11]
that plays a role in jasmonic acid synthesis has been shown
to possess also TAG lipase activity. However, its physiological
function seems to relate to hydrolysis of glyco/phospholipid
rather than TAG. Recently, a tomato protein that resemble
DAD1 has been shown to possess lipase activity [12].
If they are poorly documented in plants, numerous lipases
have been puriﬁed, characterized and cloned in microorgan-
isms and mammals [13]. The active site of TAG lipases is made
of a triad (Ser, Asp or Glu, His). These enzymes are character-
ized by their ability to hydrolyze long chain triacylglycerol
molecules. Because this substrate is not soluble, it is simpler
to assay lipase activity using soluble substrates such as tribu-
tyrin or artiﬁcial chromogenic ester substrates. However, those
substrates may not be speciﬁc for lipases since some of them
can be hydrolyzed by non-lipolytic esterases [14]. TAG lipases
are able to hydrolyze also diacylglycerol and sometimes other
substrates such as monoacylglycerol, glycero(phospho)lipids in
position sn1 [15,16] or sterol esters [17]. Known lipases are cha-
raracterized by a high turnover on a long chain TAG substrate
(such as olive oil). The speciﬁc activities recorded range from
4 lmol min1 mg1 protein (hormone sensitive lipase [18],
lysosomal acid lipase [17]) to 5000 (thermomyces lipase [19]).
Three-dimensional structures are available for several of them
[13]. All these structures share the same fold, called the a/b
hydrolase fold [20]. A lid domain that covers the active site
is present in most TAG lipases. This lid opens when the lipase
interacts with its substrate or with an inhibitor. Despite these
common features, the primary sequence of lipases can widely
diverge and only a loose consensus sequence, [LIV]–X–[LIV-
FY]–[LIVMST]–G–[HYWV]–S–X–G–[GSTAC] (PROSITE
pattern PS00120), that spans the catalytic serine can be deter-
mined. This motif is present in most, but not all, TAG lipases.
Also, non-lipolytic esterases [21,22] may contain it. When
using this sequence to search Arabidopsis proteins, more than
50 hits can be identiﬁed and most of these proteins share
homologies with known lipases. We have worked on
At2g15230 gene which encode a protein that exhibit about
30% identity to human gastric and human lysosomal acid lip-
ases. Here, we present the cloning and heterologous expression
of the cDNA, which we have designated Atlip1, and the char-
acterization of a knock-out line for this gene.blished by Elsevier B.V. All rights reserved.
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2.1. Biological material
The Escherichia coli strains LE392 and DH5a, BL21(DE3) were
used for routine experiments and protein expression, respectively
[23]. The insect cell lines Sf9 and High Five, purchased from Invitrogen
were used for baculovirus ampliﬁcation and protein expression, respec-
tively. They were grown and infected according to the manufacturers
instructions. Arabidopsis ecotypes, WS and Col:2, were used for the
study. Knock-out mutants were obtained from the Arabidopsis Knock
Out Facility of the University of Wisconsin Biotechnology Center
(http://www.biotech.wisc.edu/Arabidopsis/Index2.asp), and ordered
through Nottingham Arabidopsis Stock Center (stock number
N707004; http://nasc.nott.ac.uk/).
2.2. Plant growth
Arabidopsis plants were grown under continuous light
(100 lmol m2 s1) at 22 C. For germination studies, the seeds were
sterilized with 30% bleach and sown on Murashige and Skoog plates.
The seeds were kept 5 days at 4 C and the plants were grown sterilely.
2.3. Protein extraction
All the steps were carried out on ice or at 4 C. The seedlings were
ground with mortar and pestle in 50 mM Tris–HCl, pH 7.5, 150 mM
NaCl (5–10 ml/g of tissue) and further homogenized using a potter
homogenizer. The crude extract was centrifuged for 10 min at
18000 · g and the supernatant was removed avoiding the fat layer
on top. Although washed oil-bodies can undergo autolysis, they con-
tain only 10–20% of total lipase activity (data not shown). Proteins
were quantiﬁed according to [24] using bovine serum albumin (BSA)
as standard and analyzed by sodium dodecyl sulfate (SDS)–polyacryl-
amide gel electrophoresis according to [23].
2.4. Lipase activity
Tritiated triolein (22 Ci mmol1) was puriﬁed by thin-layer chroma-
tography (TLC) prior to use and dispersed by vortexing in the reaction
buﬀer. Upon addition of the protein extract, ﬁnal concentrations in
the assay were 150 lg/ml triolein (speciﬁc radioactivity: 0.1–
0.5 mCi mmol1). The ﬁnal concentration of the proteins in the assay
is about 50 lg ml1. Aliquots (60 ll) were taken from the reaction mix-
ture at diﬀerent times and fatty acids extracted according to [25]. The
radioactivity was counted in a Beckman Scintillation counter LS1801
using Hionic Fluor scintillation cocktail (Packard). For activity mea-
surements of the recombinant enzyme, substrates were emulsiﬁed in so-
dium taurodeoxycholate (NaTDC) (plus Triton X-100 for cholesteryl
oleate). The ﬁnal mixture (1 ml) contained the substrate (200 lg),
40 mM Bis-Tris, pH 6, 150 mM NaCl, 4 mM NaTDC (plus 0.1% Tri-
ton X-100 for cholesteryl oleate), 1 mg/ml BSA and about 1 mg of en-
zyme extract. Aliquots (150 ll) were removed regularly. The lipids
were extracted and analyzed as indicated below. The activity was cal-
culated from kinetic measurements based on at least 5 values collected
over a 30-min incubation period. Activities on tributyrin and trioctan-
oin were determined by titrimetry using a pHSTAT titrator (718 STAT
titrino, Metrohm) at pH 6 in 150 mM NaCl. Speciﬁc activity is ex-
pressed in International Units (1 IU = 1 lmol fatty acid released per
minute).
2.5. Lipid analyses
Total lipids were extracted according to [26]. After evaporation of
the organic phase, the neutral lipids were dissolved in a hexane/isopro-
panol mixture (3/1, v/v). Quantitative analysis of TAG was performed
by TLC coupled to ﬂame ionization detection (TLC-FID technique)
using Iatroscan MK5 equipment (Iatron Laboratories). Each lipid ex-
tract (1 ll) was spotted onto a quartz rod coated with silica (0.9 mm
diameter Chromarod SIII, Iatron Laboratories) and sample migra-
tion was performed with heptane–diethyl ether–acetic acid
(55:45:1 vol/vol/vol). After migration, the chromarods were dried at
150 C for 15 min (Rod dryer TK8, Iatron Laboratories). The chroma-
rod holder was then transferred to the Iatroscan MK5 and each chro-
marod was scanned by the FID for detection and quantiﬁcation of the
compounds separated on silica. Cholesterol oleate was used as internal
standard and the mass detection by FID was calibrated using known
amounts of the appropriate lipids.2.6. Immunological
Antibodies were raised against urea-solubilized recombinant protein.
The protein (100 lg), emulsiﬁed in complete Freund adjuvant was in-
jected 3 times every 3 weeks. The rabbits were bled 10 days after the last
injection. Total immunoglobulin Gs were puriﬁed by chromatography
on a protein A–Sepharose column. Western blotting was carried out
according to the standard procedures [23] and proteins were detected
using enzymatic (peroxidase) reaction. When diluted 1000-fold, the ser-
um was able to detect 1–3 ng of recombinant protein by Western anal-
ysis when revealed with peroxidase. Quantiﬁcation of proteins was
performed after image analysis using Scion Image for Windows.
2.7. RNA isolation and transfer
Total RNA were isolated from germinating seedlings according to
[27] and to [28] for other tissues. RNA was size fractionated on
0.66 M formaldehyde gels that contained 1.5% agarose and transferred
on nylon membranes (Nytran SPC, Schleicher and Schuell). The mem-
branes were baked for 30 min at 80 C. Northern blot hybridization
was carried out according to [29], using probes radiolabelled by ran-
dom priming [23].
Messenger RNAs were selected from total RNA using the Oligotex
kit from Qiagen according to the manufacturers instructions. First
strand cDNA synthesis was performed using the expand reverse trans-
criptase (Roche) according to the manufacturers instructions, using
primer C253 (gactcgagtcgacatcgattttttttttttttttt).
2.8. DNA cloning and sequence analysis
The Atlip1 cDNA was ampliﬁed by polymerase chain reaction
(PCR) using primers A61 (AGCGTAGCGATATCAAAATCCAC-
GAGAAGACAAA) and A62 (AGCGTAGCGATATCTACAATCA-
GATGTGTACATA) that contained an EcoRV cloning site. The
conditions were 3 0 95 C, 30 cycles of 1 0 94 C, 1 0 58 C, 2 0 72 C,
and 7 0 72 C. After restriction by EcoRV, the PCR product was cloned
into the same site of a pBluescript II KS+ plasmid according to the
standard procedures. For expression in the baculovirus system, the
EcoRV cDNA insert was cloned into the SmaI site of plasmid
pVL1393. The resultant recombinant plasmid was checked for proper
orientation of the insert. For expression in E. coli, the primers A64
(Agcgtagcgatatcatatgcatctcctccatggatct) and A65 (Agcgtagcgatat-
cggatccatttaccaactactagac) were used to amplify the reading frame
from the Atlip1 cDNA using the same PCR conditions as above except
that the annealing temperature was 60 C and that the number of cy-
cles was 25. The PCR product was restricted with Nde1 and BamH1
and cloned into the same sites of plasmid pET14b. The proof reading
Pfu polymerase was used in all experiments. Sequencing was carried
out on both strands by GenomeExpress (France).
Sequence comparison was carried out using ClustalW [30] and 3D-
Coﬀee [31], targeting signals were searched using the CBS prediction
servers (http://www.cbs.dtu.dk/services/) and 3D modeling was per-
formed at the Expasy web site using the program SWISSMODEL
by [32]. The model was edited using Pymol [33].
2.9. Expression studies
A His tagged fusion protein was produced in E. coli using the pET
system according to the standard procedures [23]. The growth and
induction temperature was 37 C and induction was performed for
2 h with 1 mM isopropyl-b-D-thiogalactopyranoside. The protein,
which was in inclusion bodies, did not carry lipase activity. It was puri-
ﬁed using a nickel column in denaturating conditions (8 M urea).
For baculovirus expression, the cDNA cloned into pVL1393 was
used for co transfection of insect cells using the Baculogold vector
(Pharmingen) according to the manufacturers instructions. The re-
combinant virus was ampliﬁed 3 times at a multiplicity of infection
(MOI) inferior to 1, to obtain stocks with a virus titer of about 108
pfu per mL. For protein expression, insect cells were infected at a
MOI of about 3. After 3 days, the culture medium was centrifuged
to remove debris.
2.10. Lipase enrichment from insect cells culture medium
The lipase activity was enriched by chromatography on a Macro-
Prep HiQ resin either by applying a 50–500 mM NaCl gradient in a
20 mM HEPES, pH 7.5, buﬀer or by performing a batch adsorption.
In the latter case, the culture medium was concentrated by ultraﬁltra-
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in 20 mM Bis-Tris, pH 6, 100 mMNaCl, 0.024% Brij35. The lipase was
then eluted in the same buﬀer containing 500 mM NaCl.
2.11. N-terminal sequencing
N-terminal sequencing was determined from a protein blotted on
nylon membrane (polyvinylidene ﬂuoride, Sigma) using an Applied
Biosystem 473A sequencer.
2.12. Knock-out mutant identiﬁcation
The alpha population of the Arabidopsis facility at the University of
Wisconsin was screened according to [34] with the oligonucleotides
A119 (TTGAATATTGACCCGAAAATCCAAATCTG) and JL 202
(CATTTTATAATAACGCTGCGGACATCTAC). For selecting the
mutant line from the pool of seeds N707004, oligonucleotides A175
(in T DNA ATCCATGTAGATTTCCCGGA) and A176 (in AtLip1
gene TCCCGCTAATTACTCCTGCA) were used in PCRs. Oligonu-
cleotides A176 and A199 (TGCCAAGTCATACATTGCCA) were
used to check homozygoity. The PCRs using oligonucleotides A175,
A176 and A199 were carried out according to the guidelines given
by the Arabidopsis facility at UWBC except that the annealing temper-
ature was lowered to 52 C.3. Results
3.1. AtLIP1 sequence features
Atlip1 cDNA (locus At2g15230) was cloned by RT PCR
using pooled mRNA from seven stages of germination (from
day 1 to day 7). The sequence of the insert was found to be
identical to that of the RNA deduced from the gene se-
quence. The amino-acid sequence shares 30.2% identity
(53% similarity) with mouse lysosomal acid lipase and
30.9% identity (54% similarity) with human gastric lipase
(Fig. 1). It contains also, like these two enzymes, a putative
signal peptide at the N terminus of the protein (residues 1– 
 
 
 
 
 
Fig. 1. Amino acid sequence comparison of AtLIP1 with HGL. AtLIP1, Ara
gastric lipase. The signal peptides are boxed. Identical amino acids are indicate
involved in the catalytic triad of Atlip1 are indicated with black triangles. T
putative lid domain is shaded in grey. The putative N-glycosylation sites are i
W [30].20). The best homology to human gastric lipase is found in
the N terminal half of the protein (41% identity, 63% homol-
ogy between residues 52 and 176). The section 166–363,
which contains the 3 active amino-acid residues (Ser 166,
Asp 334, His 363), shows 24% identity only. A 3-dimension
model was built by comparison to human gastric lipase
(closed form of the enzyme, [35]) and to dog gastric lipase
complexed to a phosphonate inhibitor (open form of the en-
zyme, [36]). The positional root mean square deviation of
superimposed Ca atoms is 0.9 A˚ when the model is compared
to both gastric lipase structures. This model (Fig. 2), which
remains hypothetical, suggests that AtLIP1 contains a lid do-
main that covers the active site, like in most known lipases.
Possible positions of this domain are indicated in the open
and closed positions. The putative catalytic triad contains
Ser 166, Asp 334, His 363. It matches perfectly the gastric lip-
ases catalytic triad. Two putative N-glycosylation sites (i.e.,
the tripeptide N/X/S or T) can be identiﬁed. One is located
in the N-terminal part of the protein (position 41) and the
second at position 261. This latter site is conserved in gastric
lipase. Both sites are located at the periphery of the 3-D
model, with the NH2 group pointing outwards.
3.2. Expression in the baculovirus/insect cell system
The recombinant baculovirus, which contains the whole
cDNA reading frame (including the part that codes for the sig-
nal peptide) was used to infect High Five insect cells. When li-
pase activity was measured, it was found only in the culture
medium before cell undergoes lysis, which means that the pro-
tein is secreted. The appearance of Atlip1 gene product in the
culture medium after infection was recorded daily by Western
blot analysis and activity measurements (Fig. 3A and B). The
lipase produced by the insect cells exhibits a slightly higher 
bidopsis thaliana lipase 1; HGL (NCBI Accession No. S07145), human
d with asterisks. The amino acids Ser (S), Asp (D) and His (H) possibly
he lipase motif (PROSITE Accession No. PS00120) is underlined. The
ndicated with white triangles. The sequences were aligned using Clustal
Fig. 2. Structure modelling of AtLIP1. AtLIP1 3-D model was built based on the structures of human gastric lipase (A – closed form) and dog gastric
lipase complexed to an inhibitor (B – open form) using the SWISS-MODEL program. The putative lid domain is in blue, the catalytic serine in red
and the putative glycosylation sites (aspargine residues indicated by arrows) in green.
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enzyme. This might be due to a post-translational modiﬁca-
tion. The fact that the protein sequence contains 2 glycosyla-
tion sites suggests that the protein produced in insect cells
might be glycosylated.Fig. 3. Heterologous expression of recombinant AtLIP1 protein in
insect cells and determination of lipase activity. (A) and (B) High Five
insect cells were infected with recombinant Baculovirus containing
Atlip1 cDNA and the cell supernatants were collected at various times
(0 to 5 days) after infection. (A) Triolein lipase activity. (B)
Immunodetection of Atlip1 in the insect cell supernatants. Lane C,
E. coli-produced recombinant Atlip1 protein. (C) Immunoblot quan-
tiﬁcation of Atlip1. Lanes 1 and 2, 20 ll of cell supernatant collected at
3 day after infection with recombinant and wild-type (negative control)
Baculovirus were loaded in each lane, respectively. Lanes 3 to 6, 6.25;
12.5; 25 and 50 ng of pure Atlip1 (in urea 4 M) from E. coli,
respectively. M, molecular weight markers (kDa).Little or no lipase activity could be detected at day 0 and day
1, while about 20 · 103 IU were found per milliliter of culture
medium from day 2 to day 4. Atlip1 gene product could not be
detected with antibodies at day 0 and day 1. It appeared in the
culture medium at day 2 and reached its highest levels between
day 3 and day 5. No lipase activity could be detected anytime
in cultures of cells infected with the wild-type virus. These re-
sults clearly indicate that Atlip1 cDNA gene product carries a
lipase activity.
The amount of Atlip1 protein produced in the culture med-
ium was determined by Western blot analysis (Fig. 3C) using
an image-analyzing software. The signal was found to be pro-
portional to the amounts loaded on the gel of recombinant
protein produced in E. coli (between 6.25 and 25 lg). A value
of 8 ng was calculated by the software for the protein produced
in the insect cells. Therefore, the baculovirus/insect cell super-
natant contains about 0.4 lg ml1 of AtLIP1 at day 3. A spe-
ciﬁc activity of about 45 IU mg1 of Atlip1 gene product could
then be estimated when using triolein as a substrate.
3.3. Partial puriﬁcation of the recombinant protein and
N-terminal sequencing
One liter of culture medium was brought to pH 7.5 and
loaded onto a macroprep HiQ column (Biorad). The column
was rinsed with 20 mM HEPES pH 7.5, 50 mM NaCl and
the proteins were eluted with a 0.05–1 M NaCl gradient. A
peak of lipase activity started to elute at 300 mM NaCl. The
most active fractions were pooled and concentrated by mem-Table 1
Substrate speciﬁcity of AtLIP1
Substrate Speciﬁc activity (mU/mg)
Triolein 13
Trioctanoin 340
Tributyrin 550
1,3-Diolein 9.2
1-Monolein ND
Digalactosyldiacylglycerol ND
Monogalactosyldiacylglyce´rol ND
Phosphatidylcholine ND
Cholesterol oleate ND
Assays were performed using an enriched lipase fraction. Values are
calculated from discontinuous kinetics except for the measurements
using tributyrin and trioctanoin which were recorded continuously by
pHSTAT. ND: not detected.
Fig. 5. Atlip1 gene expression. Northern blot analysis. Seeds were
germinated on MS medium at 18 C in the dark. Total RNA was
isolated from seedlings (lanes 1 to 7). Roots (R), leaves (L), ﬂowers (F)
and siliques at 5 day after inﬂourescence (S). Total RNA (13,5 lg) was
loaded in each lane. The blot was probed with Atlip1, isocitrate lyase
(ICL) and a ribosomal RNA probes (18S rRNA).
K. El-Kouhen et al. / FEBS Letters 579 (2005) 6067–6073 6071brane ﬁltration. Based on speciﬁc activity measurements, the
enrichment factor was found to be 23 while the yield was very
low (about 5%). Proteins were loaded on SDS gel and trans-
ferred to a nylon membrane. Atlip25 gene product was identi-
ﬁed by Western blot analysis performed on control lanes and
the corresponding band cut oﬀ from the membrane and sub-
jected to N-terminal sequence analysis. The N-terminal part
of the sequence was found to be SHLLHGSP, which con-
ﬁrmed the existence of a signal sequence which is cleaved upon
secretion in the culture medium.
3.4. Biochemical properties
The lipase was partly enriched by an ion-exchange chroma-
tography step performed batchwise. The activity was measured
on diﬀerent substrates (Table 1). The lipase was found not to
be active on phospho- and galactolipids. It was found to be
about 25–40 times more active on medium (trioactanoin) and
short (tributyrin) chain TAGs, respectively, than on triolein.
It was capable of hydrolyzing dioleoylglycerol at rates similar
to triolein. However, 1-monoolein was not hydrolyzed.
Lipase activity was assayed at diﬀerent pHs (Fig. 4) using an
extract enriched by a ion exchange step performed batch-wise.
The lipase is active between pH 4 and 7, with an optimum at
pH 6.
3.5. Atlip1 gene expression
Northern blot analysis was carried out using RNA isolated
from germinating seedlings (Fig. 5). An mRNA, which size is
about 1.6 kb, can be detected from day 1. Its level increases
from day 2 and remains about constant up to day 7. The gene
is also expressed in roots, leaves, ﬂower and siliques. By con-
trast, isocitrate lyase, a key enzyme of the glyoxylate cycle, is
strongly expressed in seedlings during the ﬁrst 3 days after
imbibition. It has been shown that most important genes in-
volved in fat storage breakdown in Arabidopsis are coordi-
nately regulated and exhibit a pattern of expression similar
to isocitrate lyase [37]. From the results in Fig. 5, Atlip1 does
not follow this pattern.0
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Fig. 4. Eﬀect of pH on lipolytic activity of AtLIP1. The activity was
assayed on enriched lipase fraction. Activity was assayed as described
in Section 2 except that 40 mM Glycine buﬀer was used at pH 3 and a
composite buﬀer made of 40 mM each of Tris-Propane, MES and
AcNa for the others pHs.3.6. Lipase activity during germination in wild-type and T-DNA
knock-out mutant
The major lipase activity is detected in the soluble fraction.
In addition, Atlip1 protein is expected to be a soluble protein.
Therefore, lipase activity was measured among soluble pro-
teins extracted from seedlings of Arabidopsis, using radiola-
beled triolein. At a protein concentration of 50 lg ml1 in
the incubation mixture, the activity remains proportional to
the protein concentration while higher amounts proved inhib-
itory (data not shown). The kinetic remains linear for at least
30 min. In Wild Type (Fig. 6, closed symbols), the activity is
not detectable during the ﬁrst two days after imbibition. At
day 3, cotyledons emerge from the seed coat and lipase activity
can be detected. It increases and reaches a maximum of about
0.050 lmol min1 mg1 protein at day 5. TAG levels at day 1
are similar to those of dry seeds. They begin to decrease stea-
dily from day 2 to day 5. The levels of lipase detected can ac-
count for the degradation of TAGs except at day 2.
Theoretical considerations indicate that an activity of0
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Fig. 6. TAG content and lipase activity of wild-type and atlip1 mutant
seedlings. Seeds were germinated on medium in the absence of sucrose
at 22 C in continuous light and the seedlings were collected. Total
TAG content in wild-type (d) and atlip1 mutant (s) seedlings. Lipase
activity in wild-type (j) and atlip1 mutant (h) seedlings. Values of
TAG content are shown as means ± SE of measurements on three
batches of seedlings.
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the TAGs present in one plantlet in 24 h. Such an activity is
10 times lower than the detection level of our assay. Also, it
is possible that another lipase, such as a lipid body lipase
[10] is responsible for this hydrolysis. We found that 3-day-
old lipid bodies contained a lipase activity representing about
20% the total lipase activity (data not shown).
A knock-out mutant was identiﬁed with a T-DNA insertion
in the third exon (position 376 downstream the initiating co-
don of the cDNA). The protein can be predicted to be inter-
rupted between leucine 125 and serine 126, which is
upstream the ﬁrst aminoacid involved in catalysis (serine
166). Therefore, this line can be assumed to be a null mutant
for AtLip1. Homozygous mutant plants were grown on MS
plates with or without sucrose. When compared to wild type,
no diﬀerence could be observed with regards to growth rates
of the seedlings (data not shown). Lipase activity and TAG
levels were recorded during post-germinative growth (Fig. 6,
open symbols). No signiﬁcant diﬀerence can be observed be-
tween wild type and mutant. Also, the levels of di- and
mono-acylglycerol do not diﬀer (data not shown).4. Discussion
Sequence analysis and baculovirus expression data show
that AtLIP1 contains a cleavable signal peptide and that the
enzyme is secreted into the culture medium upon expression.
This suggests that AtLIP1 enters the secretory pathway in
the plant cell.
3-D modeling gives a possible structure of AtLIP1 close to
the gastric lipase. This model shows that the catalytic triad is
conserved and that a lid domain covers the active site. Also,
the fact that the 2 N-linked glycosylation sites are located at
the periphery of the enzyme makes it possible that they are in-
deed glycosylated.
Biochemical data indicate that AtLIP1 is capable of hydro-
lyzing long chain triacylglycerol, with a speciﬁc activity of
about 45 lmol min1 mg1 protein. This value is close to the
ones reported for lysosomal acid lipase (5 lmol min1 mg1
protein) and above the speciﬁc activities reported for expressed
plant cDNAs which is about 103 lmol min1 mg1 [11,38]
using long chain triacylglycerol as substrate. It is much more
active on short and medium chain fatty acids as it is the case
for all mammalian acid lipases (except dog gastric lipase).
For instance, it compares well with lamb pregastric lipase
which speciﬁc activity is 30 and 1000 lmol min1 mg1 on tri-
olein and tributyrin, respectively [39]. No activity could be de-
tected on phospho- and galactolipids. No member of the
mammalian acid lipase family has been reported to hydrolyze
these substrates. We tested cholesteryl-oleate which is known
to be a substrate for human lysosomal acid lipase. However,
no activity could be evidenced. Therefore, this enzyme is likely
to have a physiological function related to TAG hydrolysis.
The optimal pH on triolein is slightly acidic (about 6), but
much less than these of other members of the mammalian acid
lipase family, which usually act best on long chain TAGs at
pHs ranging from 4 to 5.5.
Because the most documented physiological role for a TAG
lipase in plants is the hydrolysis of fat storage during germina-
tion, we have investigated a possible involvement of Atlip1 in
this process. The analysis of the knock-out mutant clearlyshows that Atlip1 is fully dispensable for fat storage break-
down during post-germinative growth. Either AtLIP1 is not
involved at all in reserve mobilization during germination, or
another gene can fully compensate for the mutation. A possi-
ble candidate might be At5g14180 which exhibit about 30%
identity and 50% homology to AtLIP1.5. Conclusion
We have cloned and expressed an Arabidopsis cDNA that
exhibits high homology to gastric and lysosomal acid lipases.
Expression of this cDNA into the baculovirus system leads
to the secretion of an active TAG lipase with an acidic-to-neu-
tral optimal pH. Knock-out mutant analysis showed that the
gene is dispensable for fat storage breakdown during germina-
tion. Northern blot analysis indicates that Atlip1 mRNA is
present in all tissues tested. Further experiments, including
biochemical characterization of a pure protein, detailed analy-
sis of the knock-out mutant and in situ localization of Atlip1
gene product will give us more insight with regards to Atlip1
physiological function.
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